Aberrant signaling by oncogenic mutant rat sarcoma (Ras) proteins occurs in ∼15% of all human tumors, yet direct inhibition of Ras by small molecules has remained elusive. Recently, several smallmolecule ligands have been discovered that directly bind Ras and inhibit its function by interfering with exchange factor binding. However, it is unclear whether, or how, these ligands could lead to drugs that act against constitutively active oncogenic mutant Ras. Using a dynamics-based pocket identification scheme, ensemble docking, and innovative cell-based assays, here we show that andrographolide (AGP)-a bicyclic diterpenoid lactone isolated from Andrographis paniculata-and its benzylidene derivatives bind to transient pockets on Kirsten-Ras (K-Ras) and inhibit GDP-GTP exchange. As expected for inhibitors of exchange factor binding, AGP derivatives reduced GTP loading of wild-type K-Ras in response to acute EGF stimulation with a concomitant reduction in MAPK activation. Remarkably, however, prolonged treatment with AGP derivatives also reduced GTP loading of, and signal transmission by, oncogenic mutant K-RasG12V. In sum, the combined analysis of our computational and cell biology results show that AGP derivatives directly bind Ras, block GDP-GTP exchange, and inhibit both wild-type and oncogenic K-Ras signaling. Importantly, our findings not only show that nucleotide exchange factors are required for oncogenic Ras signaling but also demonstrate that inhibiting nucleotide exchange is a valid approach to abrogating the function of oncogenic mutant Ras.
M onomeric rat sarcoma (Ras) proteins are molecular switches that cycle between inactive GDP-bound and active GTPbound conformational states and regulate multiple cell signaling pathways that include the MAPK cascade (1) . Activation of Ras is facilitated by guanine nucleotide exchange factors (GEFs) and inactivation by GTPase-activating proteins (GAPs) (2, 3) . About 15% of all human cancers are associated with somatic Ras mutations at amino acid positions 12, 13, or 61 that impair GAP-catalyzed GTP hydrolysis. Of the three most common human Ras isoforms N-, H-, and Kirsten-Ras4B (K-Ras4B), mutations on K-Ras4B (hereafter K-Ras) are most prevalent in cancers, including in up to 90% of cases of pancreatic cancer (4) . However, decades of efforts to inhibit oncogenic Ras by small molecules have to date been unsuccessful (5) . Attempts to abrogate the plasma membrane binding of Ras, which is required for biological activity, by inhibiting farnesyl transferase (6, 7) have failed because N-Ras and K-Ras are also good substrates for geranylgeranyl transferase 1 in cells treated with farnesyl transferase inhibitors (8, 9) . Other efforts along this line include the development of farnesyl analogs, currently in clinical trials (10) , and other compounds that dislodge Ras from the plasma membrane (11, 12) . Although the potential therapeutic value and mechanism of action of these compounds are still under investigation, it is clear that they do not directly bind to Ras. Recent efforts by us (13) and others (14) (15) (16) toward direct inhibition of Ras have yielded promising initial results. For instance, using fragment screening, crystallography, and other methods, two groups reported ligands that directly bind Ras and inhibit GEF-dependent nucleotide exchange (15, 16) . However, it is unclear whether, or how, these ligands could lead to drugs that act against constitutively active, GTP-loaded mutant Ras.
GTP-Ras can exist in at least two conformational states (17, 18) . When in state 1, Ras has reduced affinity for effectors and harbors open pockets (19, 20) , whereas in state 2, Ras is able to effectively bind effectors (21, 22) . In principle, small-molecule inhibitors that can selectively stabilize the state 1 conformation have the potential to inhibit Ras signaling by interfering with either effector or exchange factor binding. Along this line, a recent study found a compound that binds to an open switch 1 conformation of state 1 Ras (23) . In this work, we use ensembles of K-Ras obtained from molecular dynamics (MD) simulations that sample state 1 and other intermediate structures (24) to address two major questions: first, to evaluate whether the reported anticancer activity (25) of andrographolide (AGP), a diterpene from the medicinal plant Andrographis paniculata (26) , and its benzylidene derivatives involves direct inhibition of Ras; and second, to use these compounds to test a unique hypothesis that prolonged inhibition of nucleotide exchange can abrogate the function of oncogenic mutant Ras. Combining data from ensemble docking, simulations, and experiments in intact cells, we show that AGP and its derivatives inhibit Ras function by preventing GEF-induced nucleotide exchange. We further show that prolonged treatment with AGP derivatives significantly impairs oncogenic K-RasG12V signaling, and highlight how inhibiting nucleotide exchange can be a valid approach to abrogating the function of oncogenic mutant Ras.
Results and Discussion
AGP and Benzylidene Derivatives Target the Switch Regions of K-Ras.
AGP has oxidative, antiviral, and anticancer properties, and its benzylidene derivatives (Fig. 1 ) exhibit an enhanced ability to induce apoptosis and G1 cell-cycle arrest in breast and colon cancer cells (25, 27) . Other studies have shown that AGP interferes with MAPK activation, increases sensitivity of Ras-transformed cells to radiation treatment in vitro and in vivo (27) (28) (29) (30) , and is not toxic (31) . The drug-like (32) AGP has three hydrogen-bond donors and five acceptors and a LogP of 2.6. Its slightly larger SRJ series of derivatives each has one donor, five acceptors, and an estimated LogP of 5.6.
We docked these ligands onto a diverse set of 75 K-Ras conformers and ranked them by their preference for a given site and receptor conformation as described in Materials and Methods and SI Materials and Methods, with appropriate controls (Fig. S1 ). We found that the ligands preferentially target three distinct pockets: p1, p2, and p3. The residues defining these pockets are listed in Table 1 and their location in the 3D structure is shown in Fig. 2 . Pocket 1 comprises the effector binding loop (residues [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , β2 (residues 55 and 57), and several residues in α-helix 1. Pocket 2 involves the core β-strands 1 and 2, part of the effector loop, and switch 2. The C-terminal pocket 3 is bounded by α-helix 5 plus the N-terminal and preceding loop residues of β5 and β6. Remarkably, each of these pockets is very similar to those we have previously characterized using a different approach and a different set of probes (13) . Mapping the energetic preference of small-molecule fragments by FTMap (33) identified the same binding hotspots, with binding preference for each site modulated by protein motion (Fig. S2) . Opening of pocket 1 is primarily a function of the displacement of Y40 that occurs during the simulations (Figs. S3 and S4 ). Relative to the reference X-ray structure Protein Data Bank (PDB) ID code 3GFT, the C α of Y40 is displaced by 4 Å and the side chain is oriented away from D38 (Fig. S3) . Similarly, expansion of a narrow surface groove between switches 1 and 2 ( Fig. S4 B and D) opens p2, a pocket surrounded by hydrophobic (I36 and M67) and polar residues (Y64 and E37) with V7 at the bottom (Fig. 3B) . To check whether structures within each cluster have reasonably similar binding-site topologies, we calculated the SD of the mean solvent-accessible surface area of p1 residues, which was found to be 33% smaller for structures within clusters (averaged over all 75 clusters) than the corresponding value across clusters.
Whereas the parent compound AGP displays some preference for p3 in addition to p1 and p2, the derivatives have much less preference for p3, as can be seen from the binding frequency histograms in Fig. S5 for the top five ligand clusters. In fact, the SRJ ligands consistently hit p3 only when docked onto the crystal structure. When the structure is relaxed but still somewhat close to the starting crystal structure PDB ID code 3GFT (C α rmsd of 2.8 and 2.9 Å, respectively, for switches 1 and 2), the top-ranked ligand cluster targets p2 with a probability of 5.6%. When it adopts a more open switch conformation (3.6 and 4.3 Å), SRJ23 [3, 19 -(3-chloro-4-fluorobenzylidene)andrographolide] targets p1 with a probability of 3.1% (Table 2 ). To probe whether the ligand might prefer a region proximal to p2, such as the site occupied by the ligands benzimidazole (BZIM) and its halogenated derivative 4,6-dichloro-2-methyl-3-aminoethyl-indole (DCAI) (15), we docked SRJ23 onto the K-Ras-BZIM structure (PDB ID code 4DSU). We found that SRJ23 does not recognize this region, because four of the top five ligand clusters (predicted affinity 0.04-1.2 μM) targeted p3. We conclude that pockets near the highly dynamic canonical switches, which became accessible during the simulations, represent the most probable binding sites for AGP and its derivatives.
MD Simulations of K-Ras-SRJ23 Complexes Suggest Stable Binding at p1 but Not p2. To further evaluate the viability of ligand binding at p1 or p2, we conducted multiple MD simulations of K-Ras in complex with SRJ23 with different initial velocity assignments. The ligand dissociated within 60 ns in four out of five of the runs with SRJ23 at p2 and after an additional 40 ns in the fifth run (Fig. S6A) . By contrast, the K-Ras-SRJ23 complex remained stable (with 45-80% of the ligand surface area buried) during four out of five simulations with SRJ23 bound at p1 ( Fig. S6 A and C). In the remaining run, switch 1 moved away from the GTP and the pose of SRJ23 was altered, but it did not dissociate. These results suggest that p1 is the preferred pocket for our ligands, despite the fact that p2 showed up repeatedly during docking (Fig. S6) . We conclude that switch 1 is a viable target whose dynamics leads to the opening of a pocket that can accommodate even comparatively large ligands such as SRJ23.
During the simulations with p1-bound SRJ23, the ligand forms a hydrogen bond with the α-phosphate of GTP ( Fig. 3D ), but it targets the same pocket when docked onto a nucleotide-free-like conformer (Fig. 4B ). This indicates that the nucleotide is not required by SRJ23 for binding but that it might stabilize the bound ligand. As noted earlier, SRJ ligands target an open switch 1 conformation in which, for instance, the distance between D33 and D38 C α atoms is 14 Å instead of 11 Å, as in the classic (i.e., closed) GTP-bound structures (Fig. S3 ). Relaxing the K-Ras-SRJ23 complex by MD further expanded the pocket to better accommodate the halogenated phenyl ring ( Fig. 3 A and C). This led us to the question of what might constitute a minimal scaffold to target this pocket. To address this question, we fragmented SRJ23 into 16 substructures and docked them onto the K-Ras conformer that served as the starting point for the K-Ras-SRJ23 simulations. A fragment common to all three SRJ ligands has the highest preference for this site (256/256 poses) (Fig. S7A ). We predict that this three-membered ring represents the chemical signature of AGP derivatives to target p1, but the role of the halogenations for affinity, if any, is not obvious (SI Materials and Methods). To test whether compounds that share structural similarity with SRJ bind to p1, we carried out virtual screening of about 1,000 ligands from the ZINC database (http://zinc.docking.org) selected based on a Tanimoto similarity index of 0.6 (SI Materials and Methods). The results suggest that these ligands would bind to p1 with a micro-to nanomolar affinity (AutoDock Vina energy score of −6 to −10 kcal/mol) when switch 1 is open (Fig. S7B) . Their affinity for closed switch 1 conformations was about three orders of magnitude weaker. This result not only reemphasizes the correlation between Ras dynamics and ligand binding but also suggests that it may be possible to find other small-molecule Ras binders that preserve the key features of SRJ but bind with better affinity (Fig. S7C ).
Stabilization of a Unique K-Ras Conformation. The docking results indicate that our ligands favor state 1-like conformers with an open switch 1 (Fig. 4B) . To test whether the ligands stabilize a particular Ras conformation, we used a principal component (PC)-based analysis developed previously (13, (34) (35) (36) to map conformers from K-Ras-SRJ23 trajectories onto a PC plane defined by crystal structures. Fig. 4B shows that p1-bound SRJ23 stabilizes conformations that are different from the canonical GTP/ GDP or nucleotide-free states (see Fig. S8 for full PC data). Alignment of the simulated K-Ras structures with p1-bound SRJ23 onto those from a control ligand-free simulation further shows stabilization of D38 in an orientation that allows for an opening of a pore behind switch 1 (Fig. S3 ). Given their structural similarity, we expect SRJ09 and SRJ10 will have a similar effect.
Proposed Mechanism of Action. Recent reports revealed that ligand binding at a pocket between the core β-sheet and helix 2 of K-Ras stabilizes alternate side-chain conformations at or around switch 2 and thereby affects exchange factor binding (15, 16) . For instance, the side chains of both Y64 and Y71 were displaced in these ligandbound structures relative to an SOS-bound H-Ras structure (15, 16) . We therefore compared the orientation of these side chains in our K-Ras-SRJ23 conformers with those in K-Ras-DCAI (PDB ID code 4DST), H-Ras-SOS [PDB ID codes 1BKD and 1NVV (37, 38) ], and other K-Ras-ligand complexes (PDB ID code 4EPV) (Fig. 4A) . The orientation of Y71 in K-Ras-SRJ23 mimics that in K-Ras-DCAI and PDB ID code 4EPV. Moreover, Y64 is displaced by >5 Å (C α atom) in K-Ras-SRJ23 relative to its position in the H-Ras-SOS complex (Movie S1). Although other modes of action cannot be ruled out, these observations suggest that our ligands may stabilize Ras in a conformation that is not conducive to GEF binding. AGP and its derivatives could thus inhibit GEF-induced nucleotide exchange in a similar manner as those reported by Maurer et al. (15) and Sun et al. (16) .
In Vitro Assays Indicate That SRJ Compounds Inhibit Ras GTP Loading and Cancer Cell Growth. To explore the effects of AGP and its derivatives on Ras function in intact cells, we first measured activation of the Ras/MAPK cascade in response to EGF stimulation. Serum-starved BHK cells were incubated with AGP or derivatives for 6 h and stimulated with EGF. Fig. 5A shows that SRJ09 and SRJ23 significantly reduced Ras GTP loading, as measured in Rasbinding domain (RBD) pull-down assays. The reduction in Ras activation correlated closely with a concomitant reduction in MAPK activation (Fig. 5B) . The concentrations of AGP required to inhibit EGF-stimulated extracellular-signal-regulated kinase (ERK) activation were ∼10-fold higher than the active concentrations of SRJ09 and SRJ23, indicating that the SRJ compounds were considerably more potent than the parent compound ( Fig. 5B  compared with Fig. S9B ). We then immunoblotted the RBD pulldown assays with isoform-specific antisera to determine whether all Ras isoforms were equally sensitive to SRJ09 and SRJ23. Fig.  5C shows that K-Ras GTP loading was significantly suppressed by SRJ09 and SRJ23, whereas H-Ras and N-Ras GTP loading were much less sensitive. For example, SRJ23 reduced K-Ras, H-Ras, and N-Ras GTP levels by 47%, 28% and 13%, respectively. The structural basis for K-Ras selectivity is not immediately clear, but it is consistent with previous suggestions (34, 36) that K-Ras might be more dynamic than H-Ras and samples open switch 1 conformations more frequently. This is supported by results from MD simulations of wild-type K-and H-Ras (Fig. S10) . Importantly, none of the compounds suppressed activation of the EGF receptor, as measured by Y1068 phosphorylation. Furthermore, 5 μM SRJ09 did not inhibit CRaf-mediated MAPK activation (Fig. S11) , showing that the andrographolides do not inhibit any of the kinases in the Raf/ MEK/ERK signaling cascade. These results strongly suggest that AGP, SRJ09, and SRJ23 directly target Ras to block the exchange of GDP for GTP and thus prevent Ras activation. Consistent with this mechanism of action, a 6-h incubation in SRJ09 and SRJ23 (5 μM) had no measurable effect on the extent of GTP loading of (Fig. 5D ). Oncogenic mutant Ras is constitutively GTP-loaded because the oncogenic mutation blocks the ability of GAP to stimulate GTP hydrolysis and return Ras to the inactive GDP-bound ground state. We reasoned, however, that the intrinsic GTPase activity of oncogenic mutant Ras must eventually return Ras to the ground state even though the expected rate would be very slow (∼8-17 h, with k cat of 1-2 × 10
) (39, 40) . Once in the GDP ground state, oncogenic Ras would then need to interact with an exchange factor to be reloaded with GTP. If the SRJ compounds are present at this point and bind to RasG12V-GDP (or other substates with an open switch 1 conformation), GTP loading may be abrogated. We tested this hypothesis by incubating oncogenic mutant K-Ras-transformed cells in SRJ09 and SRJ23 (5 μM) for 3 d to give sufficient time for GTP hydrolysis and thus reveal a requirement for GDP-GTP exchange. Remarkably, after this prolonged incubation period, SRJ09 and SRJ23 reduced K-RasG12V GTP levels by ∼50% (Fig. 5E) , which resulted in a concomitant reduction in phosphorylated ERK (ppERK) levels in K-RasG12V-transformed cells (Fig. 5F) . Moreover, the ability of AGP, SRJ09, and SRJ23 to induce growth inhibition against PC-3 (prostate), HCT-116 (colon), and MDA-231 (breast) cancer cells was assessed as described previously (25) . PC-3 cancer cells harbor wild-type Ras for all of the three different isoforms (H-, K-, and N-Ras), whereas HCT-116 and MDA-231 cancer cells express G13D mutant K-Ras and wild-type H-and N-Ras. Table 3 shows the 50% growthinhibition (GI 50 ) values of AGP, SRJ09, and SRJ23 in this panel of cancer cell lines. One can see that SRJ09 and SRJ23 are generally more active than the parent compound AGP and, more importantly, cancer cells with endogenous mutant K-Ras (HCT-116 and MDA-231) were found to be significantly more sensitive toward the compounds. The mean GI 50 value in these cells was approximately half compared with the cancer cell harboring wild-type K-Ras (PC-3). We conclude that cancer cells with mutant Ras are more sensitive toward the compounds, which is consistent with our results with ectopically expressed mutant Ras.
Taking the computational and cell biology results together, we conclude that SRJ09 and SRJ23 bind to Ras and prevent GTP loading, thus effectively blocking GDP-GTP exchange in live cells. Using these compounds that directly target Ras, we also show that exchange factors are required to maintain oncogenic mutant Ras in the active GTP-bound state, and that inhibiting nucleotide exchange is a valid approach to abrogating the function of oncogenic mutant Ras.
Conclusion
Using molecular docking and simulations, we show that AGP and its derivatives bind to the switch regions of Ras, preferentially targeting a transient pore behind switch 1 as well as a groove between switches 1 and 2. Binding of AGP derivatives to p1 stabilizes Ras in a unique conformation where key residues Shown here are data for a few preferred poses of SRJ23 on selected K-RasQ61H cluster representatives, highlighting the relative preference of the ligand for a specific binding-site and receptor conformation. The joint probability is simply the product of the fraction of individual ligand and receptor clusters (column 2 times column 4). Note that these are just samples and do not reflect the total probability of binding to a particular site; binding sites for the rest of the ligands and receptor conformations were determined in a similar way.
on the nucleotide-binding switches, such as Y64 and Y71, reorganize in a manner that would impair interaction with Ras modulators. Combining these findings with earlier reports (15, 16) , we predict that AGP derivatives should inhibit Ras function by preventing GEF-assisted nucleotide exchange. We confirmed this prediction by experiments showing that SRJ treatment blocks acute GTP loading of wild-type Ras. Even more intriguing was the observation that extended incubation with SRJ compounds also reduced oncogenic mutant Ras-GTP levels and hence signal output. The likely explanation for this observation is that the SRJ ligands deplete the pool of GTP-Ras over time by allowing intrinsic hydrolysis of bound GTP while preventing reactivation via GEF-catalyzed GDP-GTP exchange. This mechanism can operate because oncogenic mutations prevent the ability of GAP to accelerate the intrinsic GTPase activity of Ras and only modestly reduce the actual intrinsic GTPase activity (41) (42) (43) (44) . In showing that GEF-mediated nucleotide exchange is critical for oncogenic Ras signaling, our findings represent an important proof of concept for anti-Ras drug discovery. Drug development need not be limited to ligands that abrogate effector interactions of GTPloaded Ras or directly inhibit Ras effectors, but may be expanded to exploit the requirement of GEF-mediated GTP loading for a sustained signaling through oncogenic Ras. We therefore propose that future efforts toward Ras inhibition should additionally consider ligands that abrogate GEF binding and/or prevent GDP-GTP exchange; such ligands may potentially be more effective and selective given the fewer number of exchange factors than effectors and the possibility that Ras isoforms may differ in dynamics and response.
Materials and Methods
Ensemble Docking. Expanding the concept of a relaxed complex scheme for structure-based drug discovery (45, 46) , we built an ensemble of K-Ras conformers that contained infrequently sampled structures. Such structures could potentially harbor open binding sites that are invisible in crystal structures. To this end, we isolated an ensemble of 75 structures based on rmsd clustering of GTP-bound K-RasQ61H conformers derived from previously reported MD simulations (24) . Taking advantage of the small number of related compounds that we were interested in, we deliberately used a small rmsd cutoff of 1.3 Å to generate a large number of clusters and used all of the cluster centroids to include infrequently visited K-Ras conformers. Blind docking against these structures was carried out using AutoDock 4.2 (47) and a search area that encompasses the entire Ras structure plus a buffer space of 10 Å in each direction. GTP was retained to exclude nonspecific hits at the catalytic site (see SI Materials and Methods for details and controls).
Binding-Site Identification and Selection of Ligand Poses. To account for the joint probability that K-Ras samples a given conformation and AutoDock consistently places the ligand into a consensus site, binding sites were identified based on the size of both the ligand and receptor clusters. Therefore, ligand-receptor pairs were ranked by the product of the fraction of Ras conformers within a cluster and the fraction of ligand poses within a ligand cluster (Table 2 ). Visual inspection of the high-ranked complexes and histograms of contact frequencies was then used to identify the most commonly targeted pockets (SI Materials and Methods).
Molecular Dynamics Simulations. After docking and site identification, we tested whether binding at the predicted sites is viable by performing MD on selected protein-ligand complexes. The simulation details are similar to those described previously (24) and in SI Materials and Methods. By assigning different initial velocities, we generated two sets of five separate trajectories with SRJ23 bound to K-Ras at either of two preferred sites (p1 and p2).
In Vitro Cell-Based Assays. Based on initial work that formed the basis of this study (25, 48) , AGP, SRJ09, and SRJ23 were prepared as reported earlier (48) A B C D E F Fig. 5 . Mean fold increase in Ras-GTP (A) and ppERK (B) ± SEM from three independent experiments where wild-type BHK cells were treated with SRJ09 or SRJ23 for 6 h in the absence of serum, followed by 25 ng/mL EGF stimulation for 2 min. Ras-GTP levels were measured using an RBD pull-down assay, and ppERK levels were measured by quantitative immunoblotting. (C) Representative blots from three independent experiments in which wildtype BHK cells were treated with 5 μM SRJ23 for 6 h in the absence of serum, followed by 25 ng/mL EGF stimulation for 2 min. Levels of K-, H-, and N-Ras-GTP loadings were measured using an RBD pull-down assay, and phospho-EGF receptor (EGFR; Y1068) levels were measured by quantitative immunoblotting. (D) Mean ± SEM from three independent experiments in which BHK cells stably expressing oncogenic Ras isoforms were treated with 5 μM SRJ09 or SRJ23 for 6 h in the absence of growth serum. ppERK levels were measured by quantitative immunoblotting. Mean Ras-GTP (E) and ppERK (F) ± SEM from three independent experiments in which BHK cells stably expressing oncogenic K-Ras were treated with 5 μM SRJ09 or SRJ23 for 72 h. Growth media with the drug were replaced every 24 h. Ras-GTP levels were measured using an RBD pull-down assay, and ppERK levels were measured by quantitative immunoblotting. Differences between DMSO-and drugtreated cells were assessed using one-way ANOVA tests. Significant differences are indicated (*P < 0.05; **P < 0.01; ***P < 0.001). (see Tables S1 and S2 for proof of purity). Antibodies against H-Ras (F235; sc-29) and N-Ras (F155; sc-31) were obtained from Santa Cruz Biotechnology. Monoclonal K-Ras antibody (R3400) was obtained from Sigma-Aldrich. Rabbit phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) antibody (9101), mouse anti-phospho-EGF receptor (Y1068) antibody (2236), and rabbit total EGF receptor antibody (2232) were purchased from Cell Signaling Technology. Monoclonal anti-Ras antibody (610001) was obtained from BD Transduction Laboratories. For cell culture, baby hamster kidney (BHK) cells were maintained in Dulbecco's modified Eagle medium (Gibco) supplemented with 10% (vol/vol) donor calf serum and 2 mM L-glutamine. Ras-GTP levels were measured in a GST-Ras-binding domain pull-down assay as described previously (49) . Samples were analyzed by quantitative Western immunoblotting using pan-Ras or Ras isoform-specific antibodies.
The potential of AGP, SRJ09, and SRJ23 to induce growth inhibition against PC-3 (prostate), HCT-116 (colon), and MDA-231 (breast) cancer cells was assessed according to Jada et al. (25) . Briefly, exponentially growing cells were seeded in flat-bottom 96-well plates at a density of 2,000 cells in 0.18 mL per well and incubated overnight for cell attachment. The cells were then treated with compounds at a final concentration range of 0.1-100 μM (n = 4). The control wells were introduced with 0.1% of DMSO equivalent to the highest amount of DMSO used as a vehicle in the compound-treated wells. After 96 h of incubation in a CO 2 incubator, the cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The 50% growth-inhibition values were obtained from dose-response growth-inhibitory curves.
